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ABSTRACT 
Below t h e  p r o t o n  g y r o f r e q u e n c y ,  b o t h  p o l a r i z a t i o n  
r e v e r s a l  a n d  mode c o u p l i n g  o f  t h e  r i g h t  and l e f t  hand modes 
o f  p r o p a g a t i o n  c a n  o c c u r .  I n  t h i s  p a p e r  an  e x p e r i m e n t a l  
s t u d y  of  p o l a r i z a t i o n  r e v e r s a l  and  mode c o u p l i n g  o f  e l e c -  
t r o n  and  p r o t o n  w h i s t l e r s  i s  p r e s e n t e d .  The o c c u r r e n c e  o f  
p o l a r i z a t i o n  r e v e r s a l  f o r  a  w h i s t l e r  s i g n a l  o b s e r v e d  i n  
t h e  i o n o s p h e r e  i s  i n d i c a t e d  by  t h e  p r e s e n c e  o f  a  p r o t o n  
w h i s t l e r .  Mode c o u p l i n g  be tween  t h e  r i g h t  and  l e f t  hand 
modes o f  p r o p a g a t i o n  i s  i n d i c a t e d  by t h e  o c c u r r e n c e  o f  b o t h  
e l e c t r o n  and  p r o t o n  w h i s t l e r  s i g n a l s  a t  t h e  same f r e q u e n c y ,  
Mode c o u p l i n g  i s  o b s e r v e d  t o  o c c u r  most f r e q u e n t l y  
o v e r  a r a n g e  of a b o u t  35O - 55' m a g n e t i c  l a t i t u d e .  Below 
a b o u t  35' m a g n e t i c  l a t i t u d e ,  p o l a r i z a t i o n  r e v e r s a l  i s  t h e  
p redominan t  e f f e c t ,  whe reas  above  a b o u t  5 5 O  m a g n e t i c  
l a t i t u d e  n e i t h e r  mode c o u p l i n g  n o r  p o l a r i z a t i o n  r e v e r s a l  
o c c u r  and  p r o t o n  w h i s t l e r s  a r e  n o t  o b s e r v e d .  These  
r e s u l t s  a r e  compared w i t h  e x i s t i n g  t h e o r i e s  t o  e x p l a i n  
t h i s  l a t i t u d e  dependence .  
I. INTRODUCTION 
P o l a r i z a t i o n  r e v e r s a l  a n d  mode c o u p l i n g  o f  e l e c t s o -  
m a g n e t i c  waves  i n  t h e  i o n o s p h e r e  h a s  b e e n  d i s c u s s e d  by  
G u r n e t t ,  Shawhan,  B r i c e  a n d  S m i t h  [ 1 9 6 5 ]  ( h e r e a f t e r  
r e f e r r e d  t o  a s  GSBS)  a n d  b y  J o n e s  [ l 9 6 8 ,  1 9 6 9 1  i n  c o n n e c -  
t i o n  w i t h  i o n  c y c l o t r o n  w h i s t l e r s  o b s e r v e d  by  s a t e l l i t e s  
[ s m i t h ,  e t  a l . ,  19641. GSBS c o n s i d e r e d  a  c o l l i s i o n l e s s  
mode l  o f  t h e  i o n o s p h e r e  i n  e x p l a i n i n g  t h e  p o l a r i z a t i o n  
r e v e r s a l  o f  i o n  c y c l o t r o n  w h i s t l e r s  a n d  showed t h a t  mode 
c o u p l i n g  mus t  b e  i n c l u d e d  i n  o r d e r  t o  e x p l a i n  t h e  ob- 
s e r v e d  t r a n s m i s s i o n  o f  b o t h  e l e c t r o n  a n d  p r o t o n  w h i s t l e r s  
s i g n a l s  f r o m  t h e  g r o u n d  t o  t h e  s a t e l l i t e  a t  f r e q u e n c i e s  
b e l o w  t h e  p r o t o n  g y r o f r e q u e n c y .  They d e s c r i b e  mode c o u p l i n g  
i n  t e r m s  o f  a  c r i t i c a l  a n g l e  0  w h e r e  6 i s  t h e  a n g l e  
c '  
b e t w e e n  t h e  g e o m a g n e t i c  f i e l d  so a n d  t h e  wave n o r m a l  d i r e c -  
t i o n  2 .  An u p g o i n g  e l e c t r o n  w h i s t l e r  p r o p a g a t i n g  n e a r  t h e  
c o n e  o f  a n g l e s  d e f i n e d  by  O c  r e s u l t s  i n  b o t h  e l e c t r o n  a n d  
i o n  w h i s t l e r s  b e i n g  p r e s e n t  a b o v e  t h e  " c r o s s - o v e r "  a l t i t u d e ,  
t h e  e . l t i t u d e  a t  w h i c h  t h e  r e f r a c t i v e  i n d i c e s  o f  t h e  two  
modes a r e  e q u a l .  F o r  t h e  mode l  u s e d  by  GSBS, 0 c  i s  o f  
t h e  o r d e r  o f  l o 0 ,  
J o n e s  [ 1 9 6 8 ,  a9691  h a s  f u r t h e r  e x t e n d e d  t h e  work o f  
GSBS by  s h o w i n g  i n  d e t a i l  how t h e  wave p o l a r i z a t i o n  v a r i e s  
n e a r  t,he c r o s s o v e r  a l t i t u d e ,  and  how t h e  wave n o r m a l  a n g l e  
and the c r i t i c a l  c o u p l i n g  a n g l e  c o n t r o l  p o l a r i z a t i o n  r e -  
v e r s a l  and  mode c o u p l i n g  phenomena. Us ing  t h e  i o n  d e n s i t y  
p r o f i l e  o f  GSBS and a r e a l i s t i c  model of  c o l l i s i o n  f r e q u e n -  
c i e s  v s .  a l t i t u d e ,  J o n e s  h a s  computed v a l u e s  o f  B c  a t  t h e '  
c r o s s o v e r  a l t i t u d e  a s  a f u n c t i o n  o f  f r e q u e n c y  and l a t i t u d e .  
H i s  c a l c u l a t i o n s  p r e d i c t e d  a  marked dependence  o f  mode 
c o u p l i n g  and p o l a r i z a t i o n  r e v e r s a l  on l a t i t u d e .  It i s  t h e  
p u r p o s e  o f  t h i s  p a p e r  t o  r e p o r t  on a n  e x p e r i m e n t a l  i n v e s t i -  
g a t i o n  of mode c o u p l i n g  and  p o l a r i z a t i o n  r e v e r s a l  of  e l e c t r o n  
and  p r o t o n  w h i s t l e r s  and  compare t h e s e  r e s u l t s  w i t h  J o n e s '  
p r e d i c t i o n s .  
11. P O L A R I Z A T I O N  R E V E R S A L  AND MODE C O U P L I N G  
Mode coupling of ion cyclotron whistlers in the 
ionosphere can be described using Forsterling's coupled 
equations for vertical incidence in an inhomogeneous, 
anisotropic medium [~udden, 19611: 
where Fo and Fx are proportional to the fields in the, ordi- 
nary and extraordinary modes, respectively. The prime 
denotes 1/K 3/82, where K = nw/c is the wave number and z 
is the vertical coordinate. n and n are the indices of 
0 X 
refraction for the respective modes, and $ is the "coupling 
parameter,'' so called because when $ = 0 the equations are 
independent and the two modes propagate independently, 
while if $ # 0, the equations are coupled and there is inter- 
action between the modes. $ has the form 
where 0 ia the polarization, E / E x ,  defined in terms of the 
Y 
components of the electric field which Lie in the wavefront. 

r k  = p la sma  f r e q u e n c y  o f  t h e  k t h  s p e c i e s ,  and  
Qk  = g y r o f r e q u e n c y  o f  t h e  k t h  s p e c i e s .  
For  p r o p a g a t i o n  p a r a l l e l  t o  t h e  s t a t i c  m a g n e t i c  f i e l d ,  R 
and  L a r e  t h e  i n d i c e s  o f  r e f r a c t i o n  s q u a r e d  f o r  t h e  r i g h t  
and  l e f t  hand  c i r c u l a r l y  p o l a r i z e d  modes,  r e s p e c t i v e l y .  
I n  a  c o l l i s i o n l e s s  p l a s m a ,  R and L a r e  r e a l  q u a n t i t i e s  s o  
t h a t  p i s  i m a g i n a r y .  The c r i t i c a l  c o u p l i n g  c o n d i t i o n  
p = f 1, t h e r e f o r e  c a n n o t  b e  s a t i s f i e d ,  e x c e p t  f o r  t h e  
s i n g u l a r  c a s e  o f  p r o p a g a t i o n  e x a c t l y  a l o n g  t h e  geomagne t i c  
f i e l d ,  8 = 0. I n  o r d e r  f o r  t h e  c r i t i c a l  c o u p l i n g  c o n d i t i o n  
t o  b e  s a t i s f i e d  a t  a n  a n g l e  o t h e r  t h a n  8 = 0, GSBS c o n c l u d e d  
t h a t  c o l l i s i o n s  must  b e  c o n s i d e r e d  i n  o r d e r  t h a t  p have  a  
r e a l  p a r t  . t o  s a t i s f y  t h e  c r i t i c a l  c o u p l i n g  c o n d i t i o n .  
C o l l i s i o n s  may b e  i n c l u d e d  by r e p l a c i n g  t h e  mass 
i v  
m i n  R ,  L ,  and  P w i t h  m k ( l  + -), k where  u i s  t h e  c o l l i s i o n  w k  
f r e q u e n c y  o f  t h e  k t h  s p e c i e s ,  The e q u a t i o n s  R ,  L ,  S ,  D, 
and  P t h e n  become complex (R = R r  + i R i ,  ... ) .  F o r  s m a l l  
c o l l i s i o n  f r e q u e n c i e s  and  t o  a  f i r s t  o r d e r  a p p r o x i m a t i o n ,  
t h e  r e a l  p a r t s  of  t h e s e  e q u a t i o n s  r e m a i n  t h e  same a s  i n  
t h e  c o l l i s i o n l e s s  c a s e  and t h e  i m a g i n a r y  p a r t s  a r e  s m a l l  
compared t o  t h e  r e a l  p a r t  e x c e p t  n e a r  t h e  p o l e s  o r  z e r o s  
of  t h e s e  f u n c t i o n s .  When R i s  a p p r o x i m a t e l y  e q u a l  t o  L 
( D  = o), which w i l l  b e  of p r i m a r y  i n t e r e s t  f o r  p r o t o n  
w h i s t l e r  mode c o u p l i n g ,  e q u a t i o n  ( 3 )  may b e  w r i t t e n  a p p r o x i -  
m a t e l y  
i ( ~ ~  + i D l ) n 2  c o s  8 
P = 
s n 2  - R L  
where  t h e  i m a g i n a r y  p a r t s  o f  R ,  L and  S a r e  n e g l e c t e d  
s i n c e  t h e y  a r e  s m a l l  compared t o  t h e  r e a l  p a r t .  From 
e q u a t i o n  ( 4 )  it i s  s e e n  t h a t  t h e  c r i t i c a l  c o u p l i n g  c o n d i -  
+ 
t i o n  p = - 1, r e q u i r e s  t h a t  t h e  f o l l o w i n g  two c o n a i t i o n s  
b e  s a t i s f i e d  s i m u l t a n e o u s l y  ( f r o m  t h e  r e a l  and  i m a g i n a r y  
p a r t s  o f  p ) :  
~ ~ n ~  c o s  9 + 
= - 1 
s n 2  - R L  
The f i r s t  c o n d i t i o n  Dr = 1 / 2 ( ~  - L )  = 0 r e q u i r e s  t h a t  t h e  
r e a l  p a r t s  o f  t h e  r e f r a c t i v e  i n d i c e s  f o r  t h e  r i g h t  and  l e f t  
hand  modes b e  e q u a l  (R = L ) .  T h i s  c o n d i t i o n  i s  c a l l e d  t h e  
c r o s s o v e r  c o n d i t i o n ,  and  t h e  c o r r e s p o n d i n g  f r e q u e n c y  i s  
c a l l e d  t h e  c r o s s o v e r  f r e q u e n c y  [ s m i t h  a n d  B r i c e ,  19643 .  
The s e c o n d  c o n d i t i o n ,  e q u a t i o n  ( 6 ) ,  d e t e r m i n e s  t h e  wave 
normal  a n g l e  e c 9  c a l l e d  t h e  c r i t i c a l  c o u p l i n g  a n g l e ,  a t  
which c r i t i c a l  c o u p l i n g  o c c u r s .  Two waves p r o p a g a t i n g  i n  
t h e  r i g h t  and  l e f t  hand modes w i t h  wave normal  a n g l e s  n e a r  
e C  w i l l  b e  s t r o n g l y  c o u p l e d  a t  t h e  a l t i t u d e  where  t h e  wave 
f r e q u e n c y  e q u a l s  t h e  c r o s s o v e r  f r e q u e n c y .  
F i g u r e  1 shows t h e  c r o s s o v e r  f r e q u e n c y  (D = o ) ,  
t h e  p r o t o n  g y r o f r e q u e n c y  (L = "1, and v a r i o u s  o t h e r  
c h a r a c t e r i s t i c  f r e q u e n c i e s  a s  a f u n c t i o n  o f  a l t i t u d e  f o r  
t h e  i o n o s p h e r i c  model u s e d  by GSBS. The c r o s s - h a t c h e d  
r e g i o n  be tween  t h e  c r o s s o v e r  f r e q u e n c y  and  t h e  p r o t o n  
g y r o f r e q u e n c y  i s  where  b o t h  t h e  r i g h t  and  l e f t  hand modes 
c a n  p r o p a g a t e .  
When c o l l i s i o n s  a r e  i n c l u d e d ,  t h e  p o l a r i z a t i o n  c a n  
a l s o  b e  e x p r e s s e d  by a n  e q u a t i o n  due  t o  J o n e s  [ 1 9 6 8 1 9  
2  2  2 i  s i n  
P + -  G c o s e  p + l = O  
where  
The r o o t s  o f  e q u a t i o n  ( 7 )  a r e  t h e  p o l a r i z a t i o n  o f  t h e  R 
and  L modes. The s i g n i f i c a n c e  o f  t h e  c r i t i c a l  c o u p l i n g  
a n g l e  c a n  b e  d i s p l a y e d  g r a p h i c a l l y  by p l o t t i n g  t h e  r o o t s  
sf e q u a t i o n  ( 7 )  on t h e  complex p o l a r i z a t i o n  p l a n e  as  a 
f u n c t i o n  of a l t i t u d e  n e a r  t h e  c r o s s o v e r  a l t i t u d e ,  F i g u r e  2 
i s  t a k e n  f rom J o n e s  [ 1 9 6 8 ]  and  shows s u c h  a  p l o t  f o r  v a r i o u s  
wave normal  a n g l e s  u s i n g  t h e  i o n o s p h e r i c  model o f  F i g u r e  1 
and  a  wave f r e q u e n c y  of  400 Hz. The u p p e r  h a l f  o f  t h e  com- 
p l e x  p p l a n e  i n  F i g u r e  2 i s  f o r  t h e  l e f t  hand p o l a r i z e d  
mode and  t h e  l o w e r  h a l f  p l a n e  i s  f o r  t h e  r i g h t  hand p o l a r -  
i z e d  mode.  ones u s e s  t h e  d e f i n i t i o n s  p = - i f o r  r i g h t  
and  p = + i f o r  l e f t  hand p o l a r i z a t i o n . )  The c r i t i c a l  
c o u p l i n g  a n g l e  f o r  t h e  c o n d i t i o n s  a t  t h e  c r o s s o v e r  a l t i t u d e  
( 7 7 2  km) i s  e C  = 8 . g 0 .  From F i g u r e  2 it i s  s e e n  t h a t  f o r  
wave normal  a n g l e s  l e s s  t h a n  B c  ( f o r  example 0 = 8O, l a b e l e d  
A i n  F i g u r e  2 )  t h e  p o l a r i z a t i o n  p a t h s  do n o t  c r o s s  t h e  r e a l  
p a x i s ,  t h e r e f o r e  t h e  s e n s e  of  p o l a r i z a t i o n ,  r i g h t  o r  l e f t  
h a n d ,  d o e s  n o t  change  a s  t h e  wave p a s s e s  t h e  c r o s s o v e r  
a l t i t u d e .  F o r  wave normal  a n g l e s  g r e a t e r  t h a n  B c  ( f o r  
examp1.e 8  = l o 0 ,  l a b e l e d  E i n  F i g u r e  2 )  t h e  p o l a r i z a t i o n  
p a t h  s t a r t s  a t  p = - i ( r i g h t  h a n d )  a n d  t e r m i n a t e s  a t  
p = + i ( l e f t  h a n d ) ,  w i t h  t h e  p o l a r i z a t i o n  r e v e r s a l  o c c u r -  
r i n g  a s  t h e  wave p a s s e s  t h e  c r o s s o v e r  a l t i t u d e .  I n  b o t h  
c a s e s  i l l u s t r a t e d  ( 8  = 8 O  and  8  = l o 0 )  t h e  p o l a r i z a t i o n  d o e s  
+ 
n o t  come c l o s e  t o  p = - 1 ( t h e  c r i t i c a l  c o u p l i n g  c o n d i t i o n )  
s o  mode c o u p l i n g  i s  n e g l i g i b l e .  
Fo r  wave normal  a n g l e s  c l o s e  t o  B c  = B e g 0 ,  i t  c a n  
b e  s e e n  from F i g u r e  2 t h a t  t h e  p o l a r i z a t i o n  p a t h  p a s s e s  
v e r y  c l o s e  t o  p = 1 ( i n s i d e  t h e  d o t t e d  c i r c l e ,  f o r  example )  
and  s t r o n g  c o u p l i n g  w i l l  o c c u r  a s  t h e  c o u p l i n g  p a r a m e t e r  $ 
become l a r g e  a t  p = + 1. F o r  wave no rma l  a n g l e s  c l o s e  t o  
t h e  c r i t i c a l  c o u p l i n g  a n g l e  a n  upward t r a v e l i n g  r i g h t  hand  
p o l a r i z e d  wave be low t h e  c r o s s o v e r  a l t i t u d e  w i l l  b e  s p l i t  
i n t o  r i g h t  and  l e f t  hand  p o l a r i z e d  waves upon p a s s i n g  t h e  
c r o s s o v e r  a l t i t u d e .  
These  c o n c l u s i o n s  c a n  be  summarized a s  f o l l o w s :  
(a) 0 > 0  . P o l a r i z a t i o n  r e v e r s a l  and  n e g l i g i b l e  
C 
-
mode c o u p l i n g .  An upward t r a v e l i n g  wave i n  
t h e . R  mode c h a n g e s  smoo th ly  i n t o  a n  upward 
t r a v e l i n g  wave i n  t h e  L mode upon p a s s i n g  
t h e  c r o s s o v e r  a l t i t u d e .  I f  1 0  - B c l  i s  small ,  
weak c o u p l i n g  may g e n e r a t e  a  s m a l l  amount o f  
e n e r g y  i n  t h e  R mode above  t h e  c r o s s o v e r  a l t i -  
t u d e .  
( b )  0 2 0 ~ .  C r i t i c a l  c o u p l i n g .  An upward t r a v e l i n g  
- 
wave i n  t h e  R mode i s  s p l i t  i n t o  two upward 
t r a v e l i n g  waves i n  t h e  R and  L modes a s  $,  t h e  
c o u p l i n g  p a r a m e t e r ,  becomes l a r g e  a s  t h e  p o l a r i -  
z a t i o n  a p p r o a c h e s  p = k 1. A d e t e r m i n a t i o n  o f  
t h e  s p l i t t i n g  o f  t h e  e n e r g y  i n t o  t h e  two modes 
r e q u i r e s  a  f u l l  wave s o l u t i o n .  
( c )  BeBc. No p 0 1 a r i z a t i o n  r e v e r s a l  and  n e g l i g i b l e  
-
mode c o u p l i n g .  An upward t r a v e l i n g  wave i n  
t h e  R mode r e m a i n s  i n  t h e  R mode. If 1 0  - eel 
i s  s m a l l ,  weak c o u p l i n g  may g e n e r a t e  a  s m a l l  
amount o f  e n e r g y  i n  t h e  L mode above  t h e  c r o s s -  
o v e r  a l t i t u d e .  
Because  of  t h e  l a r g e  r e f r a c t i v e  i n d e x  i n  t h e  i o n o s p h e r e  
a t  VLF f r e q u e n c i e s ,  t h e  wave normal  d i r e c t i o n  o f  a  w h i s t l e r  
e n t e r i n g  t h e  i o n o s p h e r e  f rom be low w i l l  b e  r e f r a c t e d  t o  n e a r l y  
v e r t i c a l  upon e n t e r i n g  t h e  i o n o s p h e r e .  I n  t h e  a b s e n c e  o f  
h o r i z o n t a l  g r a d i e n t s ,  t h e  wave normal  o f  t h e  w h i s t l e r  i s  
d e t e r m i n e d  by t h e  d i p  a n g l e  o f  t h e  geomagne t i c  f i e l d .  The 
p o l a r i z a t i o n  r e v e r s a l  and  mode c o u p l i n g  p r o c e s s e s  d i s c u s s e d  
a b o v e  a r e ,  t h e r e f o r e ,  e x p e c t e d  t o  b e  s t r o n g l y  l a t i t u d e  de-  
p e n d e n t .  
J o n e s  [1968 ,  19691  h a s  c o n s i d e r e d  t h e  l a t i t u d e  depen-  
d e n c e  of  p o l a r i z a t i o n  r e v e r s a l  and  mode c o u p l i n g  f o r  p r o t o n  
w h i s t l e r s ,  and  h i s  r e s u l t s  a r e  summarized i n  F i g u r e  3 .  J o n e s '  
c l a s s i f i c a t i o n  c o n s i d e r e d  t h r e e  c o u p l i n g  t y p e s :  f u l l y  formed 
p r o t o n  w h i s t l e r s ,  p a r t i a l l y  fo rmed p r o t o n  w h i s t l e r s ,  and  no 
p r o t o n  w h i s t l e r s ,  c o r r e s p o n d i n g  r e s p e c t i v e l y  t o  wave no rma l  
a n g l e s  g r e a t e r  t h a n ,  c o m p a r a b l e  t o ,  and  l e s s  t h a n  t h e  c r i t i c a l  
c o u p l i n g  a n g l e .  A t  low l a t i t u d e s  where  t h e  geomagne t i c  f i e l d  
makes a  l a r g e  a n g l e  r e l a t i v e  t o  v e r t i c a l ,  t h e  wave no rma l  a n g l e  
i s  g r e a t e r  t h a n  B c  s o  t h a t  o n l y  f u l l y  formed p r o t o n  w h i s t l e r s  
s h o u l d  b e  o b s e r v e d .  A t  h i g h  l a t i t u d e s  where  t h e  geomagne t i c  
f i e l d  i s  n e a r l y  v e r t i c a l ,  t h e  wave normal  a n g l e  i s  l e s s  t h a n  
B c  s o  t h a t  p o l a r i z a t i o n  r e v e r s a l  d o e s  n o t  o c c u r  and  no 
p r o t o n  w h i s t l e r  s h o u l d  b e  o b s e r v e d ,  The  computed t r a n s i t i o n  
l a t i t u d e s  be tween  f u l l y  fo rmed ,  p a r t i a l l y  fo rmed ,  and no 
p r o t o n  w h i s t l e r ,  a r e  g i v e n  by J o n e s  i n  F i g u r e  3.  The t r a n s i -  
t i o n  l a t i t u d e s  a r e  d e p e n d e n t  on  a l t i t u d e  b e c a u s e  o f  t h e  
a l t i t u d e  dependence  o f  t h e  c o l l i s i o n  f r e q u e n c i e s  and  o t h e r  
p a r a m e t e r s  which  d e t e r m i n e  t h e  c r i t i c a l  c o u p l i n g  a n g l e .  
111, CLASSIFICATION OF COUPLING TYPES 
I n  t h e  p r e s e n t  s t u d y  o f  mode c o u p l i n g  and  p o l a r i z a t i o n  
r e v e r s a l ,  s p e c t r o g r a m s  o f  w h i s t l e r s  a r e  c l a s s i f i e d  a c c o r d i n g  
t o  t h e  scheme g i v e n  i n  F i g u r e  4 .  These  c l a s s i f i c a t i o n s  
h a v e  been  s e l e c t e d  a f t e r  a  d e t a i l e d  s t u d y  o f  s e v e r a l  hundred  
i n d i v i d u a l  w h i s t l e r  s p e c t r o g r a m s  t o  i n s u r e  t h a t  a l l  t y p e s  o f  
o b s e r v e d  mode c o u p l i n g  and p o l a r i z a t i o n  r e v e r s a l  phenomena 
c a n  b e  i n c l u d e d  i n  t h i s  c l a s s i f i c a t i o n .  I n  t h i s  r e s p e c t ,  
" p a r t i a l l y  formed" p r o t o n  w h i s t l e r s ,  a s  d e f i n e d  by J o n e s  and  
c o n s i s t i n g  o f  p r o t o n  w h i s t l e r s  w i t h  c u t o f f s  a t  f r e q u e n c i e s  
i n t e r m e d i a t e  be tween  t h e  c r o s s o v e r  f r e q u e n c y  and t h e  p r o t o n  
g y r o f r e q u e n c y ,  a r e  r a r e l y  o b s e r v e d .  
A .  C P o l a r i z a t i o n  R e v e r s a l  and  No Coup l ing .  
-1 
I n  t h i s  c o u p l i n g  t y p e ,  t h e  o b s e r v e d  s p e c t r o g r a m  shows o n l y  
a  p r o t o n  w h i s t l e r  be tween  t h e  c r o s s o v e r  f r e q u e n c y ,  w12, and  
t h e  p r o t o n  g y r o f r e q u e n c y ,  R l .  No e l e c t r o n  w h i s t l e r  s i g n a l  
i s  s e e n  i n  t h e  f r e q u e n c y  r a n g e  f rom w t o  R c  ( s e e  F i g u r e  1 2  
I ra ) .  
B. C P o l a r i z a t i o n  R e v e r s a l  and  Weak C o u p l i n g .  
-2 ' 
I n  t h i s  c o u p l i n g  t y p e ,  a  weak e l e c t r o n  w h i s t l e r  i.s ob- 
s e r v e d  i n  t h e  f r e q u e n c y  r a n g e  f rom w12 t o  Q c  ( d a s h e d  l i n e  
i n  F i g u r e  h b ) ,  w h i l e  most o f  t h e  s i g n a l  s t r e n g t h  i n  t h e  f r e -  
quency r a n g e  w t o  R l  i s  i n  t h e  p r o t o n  w h i s t l e r .  T h u s ,  1 2  
weak c o u p l i n g  and  p o l a r i z a t i o n  r e v e r s a l  h a s  o c c u r r e d  n e a r  
t h e  c r o s s o v e r  a l t i t u d e .  
C .  C S t r o n g  
-3 ' . I n  t h i s  c o u p l i n g  
t y p e ,  t h e  s i g n a l  s t r e n g t h  o f  t h e  p r o t o n  and  e l e c t r o n  whist- 
l e r s  i n  t h e  f r e q u e n c y  r a n g e  f rom w12 t o  R1 a r e  o b s e r v e d  t o  
b e  a p p r o x i m a t e l y  t h e  same ( s e e  F i g u r e  k c ) .  Thus ,  s t r o n g  
c o u p l i n g  o f  t h e  two waves h a s  o c c u r r e d  a t  t h e  c r o s s o v e r  
a l t i t u d e ,  
D .  -4 C 9 - No P o l a r i z a t i o n  R e v e r s a l  and Weak 
--
. I n  t h i s  c o u p l i n g  t y p e ,  a  weak p r o t o n  w h i s t l e r  
i s  o b s e r v e d  i n  t h e  f r e q u e n c y  r a n g e  f rom w12 t o  R1, b u t  
most  o f  t h e  s i g n a l  s t r e n g t h  r e m a i n s  i n  t h e  e l e c t r o n  
w h i s t l e r  ( s e e  F i g u r e  4 d ) .  
E .  Type C No P o l a r i z a t i o n  R e v e r s a l  and No 
-5' - 
C o u p l i n g ,  I n  t h i s  c o u p l i n g  t y p e ,  no p r o t o n  w h i s t l e r  i s  
o b s e r v e d  above  t h e  c r o s s o v e r  a l t i t u d e .  N e i t h e r  p o l a r i z a -  
t i o n  r e v e r s a l  no r  mode c o u p l i n g  occ .u r s .  Fo r  t h i s  c a s e ,  
i t  i s  n e c e s s a r y  t h a t  t h e  e l e c t r o n  w h i s t l e r  b e  o b s e r v e d  
a t  f r e q u e n c i e s  be low t h e  p r o t o n  g y r o f r e q u e n c y  s o  t h a t  t h e  
a b s e n c e  of  a p r o t o n  w h i s t l e r  c a n  be  a s c e r t a i n e d .  If t h e  
e l e c t r o n  w h i s t l e r  i s  n o t  o b s e r v e d  a t  a n y  f r e q u e n c y  be low 
t h e  p r o t o n  g y r o f r e q u e n c y ,  t h e n  t h e  a b s e n c e  o f  a  p r o t o n  
w h i s t l e r  c o u l d  b e  due  t o  t h e  a b s e n c e  of  l ow- f r equency  
components in %he original lightning impulse. Cases for 
which no electron whistler signal was observed below the 
proton gyrofrequency were excluded from this study. 
IV. STATISTICAL SURVEY OF MODE C O U P L I N G  
S p e c t r o g r a m s  o f  w h i s t l e r s  f o r  t h i s  s t u d y  were  ob- 
t a i n e d  f rom s a t e l l i t e s  I n J u n  3  and I n j u n  5 ,  b o t h  o f  which  
a r e  low a l t i t u d e  p o l a r  o r b i t i n g  s a t e l l i t e s .  These  s a t e l l i t e s  
b o t h  c a r r i e d  ve ry - low- f r equency  r e c e i v e r s  c o v e r i n g  t h e  f r e -  
quency r a n g e  f rom a  few t e n s  o f  Hz t o  10KHz. D e t a i l s  o f  
t h e  VLF e x p e r i m e n t s  on t h e s e  s a t e l l i t e s  a r e  g i v e n  i n  
G u r n e t t  and  O ' B r i e n  [ l 9 6 4 1  and  G u r n e t t  e t  a l e  119641.  
Dur ing  a  s a t e l l i t e  p a s s  where  many w h i s t l e r s  a r e  
o c c u r r i n g ,  a p r o g r e s s i o n  o f  c o u p l i n g  t y p e s  f rom C1 a t  l o w  
geomagne t i c  l a t i t u d e s ,  t o  C a t  h i g h e r  geomagne t i c  l a t i t u d e s  5  
i s  g e n e r a l l y  o b s e r v e d .  F i g u r e  5 shows p o r t i o n s  o f  s u c h  
a  p a s s  n e a r  t h e  t r a n s i t i o n  l a t i t u d e s .  The m a g n e t i c  a n t e n n a  
d a t a  shows t h a t  b e g i n n i n g  a t  a  geomagne t i c  l a t i t u d e  ( G M L )  o f  
26.7"  h he low l a t i t u d e  p o r t i o n  o f  t h i s  p a s s  i s  n o t  shown i n  
F i g u r e  5 . )  c o u p l i n g  t y p e  C i s  b e i n g  o b s e r v e d  up  t o  a  l a t i t u d e  1 
o f  a b o u t  3g0 .  Between geomagne t i c  l a t i t u d e s  of  39' and  5b0 ,  
c o u p l i n g  t y p e s  C 2 ,  C g ,  and  C 4  a r e  p r i m a r i l y  o b s e r v e d .  Above 
5 b 0 ,  m o s t l y  t y p e  C i s  o b s e r v e d .  On t h i s  p a s s ,  t h e  t r a n s i -  5  
t i o n  l a t i t u d e s  d e f i n e d  by J o n e s  and shown i n  F i g u r e  3  a r e  
39' and  5 k 0 ,  r e s p e c t i v e l y .  The "smooth" b e h a v i o r  i n  c o u p l i n g  
v a r i a t i o n  w i t h  l a t i t u d e  s e e n  i n  t h i s  p a s s  i s  n o t  t y p i c a l ,  
however .  Figure 6 shows a portion o f  a p a s s  i n  which c l e a r  
t r a n s i t i o n  l a t i t u d e s  a r e  n o t  e v i d e n t .  D i f f e r e n t  c o u p l i n g  
t y p e s  a r e  o c c u r r i n g  c l o s e  t o g e t h e r  and  n o t  i n  t h e  e x p e c t e d  
l a t i t u d i n a l  s e q u e n c e .  For  example ,  n e a r  geomagne t i c  l a t i -  
t u d e  50°,  t y p e s  C1 a r e  o b s e r v e d ,  w h i l e  a t  a b o u t  40° ,  t y p e s  
C 2  a n d  C h  c a n  be  s e e n .  The d e t e r m i n a t i o n  o f  t r a n s i t i o n  
l a t i t u d e s  must  t h e r e f o r e  be  b a s e d  on t h e  f r e q u e n c i e s  o f  o c c u r r -  
e n c e  of  c o u p l i n g  t y p e s  C 2 ,  C g ,  and  Ch. T h i s  h a s  b e e n  done  
f o r  t h e  t r a n s i t i o n s  n e a r  37' and  56' GML i n  F i g u r e  6 .  O f  
a b o u t  60 summer-night  p a s s e s  s t u d i e d ,  t h e r e  were  o n l y  a b o u t  
25% t h a t  showed d i s t i n c t  t r a n s i t i o n  l a t i t u d e s  a s  i n  F i g u r e  5 .  
Most p a s s e s  were  o f  t h e  t y p e  shown i n  F i g u r e  6 .  Most p a s s e s  
a l s o  show a  l a t i t u d i n a l  c u t o f f  o f  w h i s t l e r  s i g n a l s  i n  t h e  
v i c i n i t y  o f  60' geomagne t i c  l a t i t u d e  ( i n d i c a t e d  i n  F i g u r e  6 
a t  a b o u t  57' GML)  which h a s  b e e n  a s s o c i a t e d  w i t h  t h e  p o s i t i o n  
o f  t h e  p l a smapause  [ c a r p e n t e r  e t  a l . ,  1 9 6 8 ;  T a y l o r  e t  a l . ,  
1 9 6 9 ;  Heyborne e t  a l . ,  19691.  
I n  F i g u r e  7 ,  30 summer-night  p a s s e s  have  been  p l o t t e d .  
The p o r t i o n  o f  e a c h  p a s s  be tween  t h e  t r a n s i t i o n  l a t i t u d e s  
i s  shown by t h e  s o l i d  l i n e ,  The l i n e s  A and  A '  a r e  t h e  
a v e r a g e  b o u n d a r i e s  mark ing  o u t  t h e  t r a n s i t i o n  r e g i o n .  The 
p o r t i o n s  o f  e a c h  p a s s  shown by t h e  d a s h e d  and d o t t e d  l i n e s  
c o r r e s p o n d  t o  t h e  o c c u r r e n c e  o f  p r i m a r i l y  C1 and C c o u p l i n g  5 
t y p e s ,  r e s p e c t i v e l y .  A l a t i t u d i n a l  c u t o f f  i n  w h i s t l e r  a c t i v -  
i t y  i s  i n d i c a t e d  by a  c r o s s  on  e a c h  p a s s  i n  w h i c h  i t  w a s  ob-  
s e r v e d  t o  o c c u r .  The t r a n s i t i o n  l a t i t u d e s  c o m p u t e d  by  J o n e s  
a r e  a l s o  i n d i c a t e d  i n  F i g u r e  7 f o r  c o m p a r i s o n .  
I n  a d d i t i o n  t o  mode c o u p l i n g ,  a n o t h e r  i m p o r t a n t  f e a t u r e  
r e l a t e d  t o  t h e  c r i t i c a l  c o u p l i n g  a n g l e  B c  i s  t h e  e l e c t r o n  
w h i s t l e r  c u t o f f  f r e q u e n c y  Q c ,  i n d i c a t e d  i n  F i g u r e  4. J o n e s  
[ 1 9 6 9 ]  shows t h a t ,  when c o l l i s i o n s  a r e  i n c l u d e d ,  0 i s  
C 
t h e  f ~ e q u e n c y  f o r  wnich  t h e  c r i t i c a l  coupline a n ~ l e  t r c  i s  
e q u a l  t o  t h e  wave n o r m a l  a n g l e  8 .  S i n c e  8 d e p e n d s  o n  
C 
m a g n e t i c  l a t i t u d e  a n d  a l t i t u d e ,  B c  a l s o  v a r i e s  w i t h  mag- 
n e t i c  l a t i t u d e  a n d  a l t i t u d e .  I n  F i g u r e  8 ,  J o n e s '  c u r v e  
f o r  R c  i s  r e p r o d u c e d  as  t h e  s o l i d  l i n e .  B e s i d e  e a c h  p o i n t  
i s  w r i t t e n  t h e  a l t i t u d e  a b o v e  w h i c h  t h e  c o r r e s p o n d i n g  v a l u e  
o f  R c  s h o u l d  b e  o b s e r v e d .  O b s e r v e d  v a l u e s  o f  R c  a r e  
a l s o  p l o t t e d  on F i g u r e  8  f o r  c o m p a r i s o n ,  t h e  b l a c k  d o t s  
c o r r e s p o n d i n g  t o  m e a s u r e m e n t s  f rom i n d i v i d u a l  w h i s t l e r  
s p e c t r o g r a m s  a n d  t h e  d a s h e d  l i n e s  c o r r e s p o n d i n g  t o  t h e  
v a r i a t i o n  o f  R d u r i n g  l o w  l a t i t u d e  p o r t i o n s  o f  7 F e s s e s .  
c  
The p a s s  i n  F i g u r e  5 i s  a  c a s e  where  a  c u t o f f  f r e q u e n c y  
o f  " 2 500 Hz i s  o b s e r v e d  f r o m  a b o u t  26O t o  38' g e o m a g n e t i c  
b a t  i t u d e .  
V, D I S C U S S I O N  OF RESULTS 
A c o m p a r i s o n  o f  t h e s e  o b s e r v e d  r e s u l t s  w i t h  t h e  
c o u p l i n g  p r e d i c t i o n s  o f  J o n e s  shows g e n e r a l  a g r e e m e n t  as  
t o  t h e  l a t i t u d i n a l  s e q u e n c e  o f  c o u p l i n g  t y p e s .  However ,  
s e v e r a l  s i g n i f i c a n t  d i s c r e p a n c i e s  a r e  e v i d e n t :  
( i )  The o b s e r v e d  l a t i t u d i n a l  t r a n s i t i o n s  o f  c o u p l i n g  
t y p e s ,  as g i v e n  i n  F i g u r e  7 ,  a r e  a t  much l o w e r  
l a t i t u d e s  ( 3 5 '  $0 55' g e o m a g n e t i c  l a t i t u d e )  t h a n  
p r e d i c t e d  b y  J o n e s '  c a l c u l a t i o n s .  
( i i )  The l a t i t u d i n a l  w i d t h  o f  t h e  t r a n s i t i o n  f r o m  
c o u p l i n g  t y p e s  Cl  t o  C i s  much l a r g e r  t h a n  p r e -  5 
d i e t e d  b y  J o n e s '  c a l c u l a t i o n s .  
( i i i )  The t r a n s i t i o n  f r o m  o n e  c o u p l i n g  t y p e  t o  a n o t h e r  
i s  o f t e n  p o o r l y  d e f i n e d  w i t h  s e v e r a l  d i f f e r e n t  
c o u p l i n g  t y p e s  o c c u r r i n g  a t  t h e  same l a t i t u d e .  
( i v )  P a r t i a l l y  f o r m e d  p r o t o n  w h i s t l e r s  o f  t h e  t y p e  
d e s c r i b e d  by J o n e s  ( w i t h  a  c u t o f f  midway b e t w e e n  
t h e  c r o s s o v e r  f r e q u e n c y  a n d  t h e  p r o t o n  g y r o -  
f r e q u e n c y )  a r e  r a r e l y  o b s e r v e d .  
( v )  The o b s e r v e d  e l e c t r o n  w h i s t l e r  c u t o f f  f r e q u e n c i e n  
nc show a l a r g e  s c a t t e r  a b o u t  t h e  c u r v e  p r e d i c t e d  
b y  J o n e s ,  
T h e s e  d i s a g r e e m e n t s ,  p a s t i c u l a r k y  i n  r e g a r d  t o  t h e  
l a t i t u d i n a l  transition o f  coupling types, i n d i c a t e s  t h a t  sig- 
nificant differences must exist between the model used by 
Jones and the actual whistler propagation in %he ionosphere. 
Some of the essential elements of Jonesbalculations which 
are questionable are discussed below, 
The Wave Normal A *  In computing the transi- 
tion latitudes shown in Figure 3, Jones assumed that the wave 
normal angle of a whistler is refracted to nearly vertical 
within the ionosphere. Although this assumption would appear 
to be reasonable at mid-latitudes where only small latitu- 
dinal gradients occur in the ionosphere, no specific experi- 
mental data is yet available to support this assumptton. On 
the contrary, if the critical coupling angle B c  determines the 
electron whistler cutoff frequency $2 as proposed by Jones, 
c 9  
the large scatter of cutoffs shown in Figure 8 indicate that a 
wide distribution in wave normal angles is possible. 
A spread in the wave normal angle distributions of 
electron whistlers can be expected if the lower boundary of 
the ionosphere is allowed to have time-dependent density and 
orientation variations. Upgoing whistlers would then be 
refracted to angles other than the vertical. Traveling 
ionospheric disturbances and ionospheric electron concenlra- 
tion irregularities, such as those discussed by Byson [a967, 
19693 and Heisler [%967], might be sources of such variations. 
A distribution of lightning sources spread out over a large 
l a t i t u d e  r a n g e  b e l o w  t h e  s a t e l l i t e  would  a l s o  c o n t r i b u t e ,  
somewhat ,  t o  a d i s t r i b u t i o n  o f  wave n o r m a l  a n g l e s  a b o u t  t h e  
v e r t i c a l .  
B e  The C r i t i c a l  
7
If t h e  wave n o r m a l  
a n g l e  i s  v e r t i c a l  a n d  t h e  t r a n s i t i o n  i n  c o u p l i n g  t y p e s  i s  
c o n t r o l l e d  by  t h e  c r i t i c a l  c o u p l i n g  a n g l e ,  a s  s u g g e s t e d  by  
F i g u r e  2 ,  t h e n  t h e  o b s e r v e d  t r a n s i t i o n  l a t i t u d e s  i m p l y  a  
t y p i c a l  c r i t i c a l  c o u p l i n g  a n g l e  o f  2 5  t o  3 0 Q ,  r a t h e r  t h a n  L O Q  
o r  l e s s  a s  computed  by  GSBS a n d  J o n e s .  Of t h e  i o n o s p h e r e  
p a r a m e t e r s  u s e d  t o  c a l c u l a t e  t h e  c r i t i c a l  c o u p l i n g  a n g l e ,  
t h e  c o l l i s i o n  f r e q u e n c y  i s  p r o b a b l y  t h e  mos t  u n c e r t a i n .  
A t  h i g h  a l t i t u d e s  ( % 2 5 0 0  ~ m )  i t would  b e  n e c e s s a r y  t o  i n c r e a s e  
t h e  c o l l i s i o n  f r e q u e n c i e s  by  a  f a c t o r  o f  1 0 0  o r  more  a b o v e  
t h o s e  u s e d  b y  J o n e s  t o  o b t a i n  a  c r i t i c a l  c o u p l i n g  a n g l e  o f  
25'. S i n c e  s u c h  l a r g e  c o l l i s i o n  f r e q u e n c i e s  ( v  ?. 1 0  s e c - l )  
a r e  riot e v i d e n t  i n  t h e  damping o f  p r o t o n  w h i s t l e r s  [ G u r n e t t  
a n d  B r i c e ,  1 9 6 6 1  t h i s  e x p l a n a t i o n  i s  n o t  c o n s i d e r e d  p o s s i b l e .  
T h e s e  c o n s i d e r a t i o n s  would  s u g g e s t ,  t h e r e f o r e ,  t h a t  t h e  
c r i t j . c a %  c o u p l i n g  a n g l e  may n o t  b e  t h e  p r i m a r y  f a c t o r  con-  
t r o l l i n g  t h e  mode c o u p l i n g  o f  p r o t o n  w h i s t l e r s .  The o b s e r v e d  
s h a r p n e s s  of t h e  c u t o f f  f r e q u e n c y  Q c  i n d i c a t e s ,  i n s t e a d ,  
t h a t  t h e  p r i m a r y  f u n c t i o n  o f  % h e  c r i t i c a l  c o u p l i n g  a n g l e  i s  
t o  d e t e r m i n e  w h i c h  wave normal a n g l e s  u n d e r g o  p o l a r i z a t i o n  
r e v e r s a l ,  
C, The Relative 
-- 
of Vertical Gradients and 
---- 
the Critical 
- -  
Condition. Referring to equation ( 2 ) ,  
it is seen that the coupling parameter !# can become large 
either due to rapid changes in the polarization with respect 
to height p p g  = (1,'~) a p / a Z 5 ]  or due to the polarization 
approaching the critical coupling condition, p = 5 l. Re- 
ferring to Figure 2, it can be seen that the wave normal 
angle must be very close (within one or two degrees) of the 
critical coupling angle for the critical coupling condition 
to play an important role in making $ large, Since important 
coupling effects evidently occur for wave normal angles con- 
siderably greater than the critical coupling angle, it appears 
that vertical gradients in the polarization must be the 
dominant condition determining the mode coupling of electron 
and ion whistlers. Further evidence for the importance of 
p '  is provided by Figure 2 which shows that, for paths like 
E - E '  which do not even come close Lo the critical coupling 
point p = +l, the polarization changes very rapidly with 
altitude. For example, along path E - E '  the polarization 
changes from p = l,9 - i 8.8 to p = 9 .8  + i 1.2 in a distance 
of just 1 Km (from 541.5 to 7 7 2 . 5  ~ m ) ,  which is much less 
than a typical wavelength ( ~ 1 8  ~ m )  at that altitude and 
frequency, Thus, it would appear that detailed predictions 
of whistler mode coupling cannot be made f r o m  Figure 2 simply 
from how close the polarization traJectory approaches the 
critical coupling condition p = 9 1  as has been done by Jones, 
A full understanding of the mode coupling of whistlers in 
the ionosphere evidently will require complete numerical 
solutions of the coupled equations. 
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FIGURE CAPTEOMS 
Figure 1 
Figure 2 
Figure 3 
Figure 4 
Figure 5 
Figure 6 
Figure 7 
Figure 8 
Various critical frequencies vs. altitude for a 
typical model ionosphere. 
Polarization path in the complex p plane vs. 
altitude [ ~ r o m  Jones, 19681. 
Regions of fully-formed, partially-formed, and 
no-proton whistlers from Jones [19681. 
Classification of coupling types from frequency- 
time spectrograms of proton whistlers. 
Spectrograms of proton whistlers showing a clear 
transition of coupling types. 
Spectrograms of proton whistlers showing a 
mixture of coupling types with no clear 
Occurrence plot of coupling types (A - A ' )  
compared with Jones' plot. 
Electron whistler cutoff frequency Qc vs. 
latitude and comparison with Jones' calculated 
dependence of \ on latitude. 
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